An obligately aerobic extremely halophilic alkalithermophilic archaeon, strain JW/NM-HA 15 T , was isolated from the sediments of Wadi An Natrun in Egypt. Phylogenetic analysis based on 16S rRNA and rpoB¢ gene sequences indicated that it belongs to the family Natrialbaceae of the order Natrialbales. The closest relatives were Natronolimnobius baerhuensis IHC-005 T and Natronolimnobius innermongolicus N-1311 T (95.3 and 94.5 % 16S rRNA gene sequence similarity, respectively).
The Wadi An Natrun is a depression in the Sahara Desert that contains several sun-heated and highly alkaline lakes; depending on the time of year, the salinity ranges from 1.5 to 5 M, the pH from 9 to 11 and the temperature from ambient up to 60 C at noon [1, 2] . The characteristics of the region make it an ideal place for the isolation of polyextremophiles that live optimally at high salt concentrations, alkaline pH and elevated temperatures [3, 4] . Several halophilic alkalithermophilic bacteria, including Natranaerobius thermophilus, Natronovirga wadinatrunensis and Natranaerobius trueperi, have previously been isolated from this region [5, 6] . In this study, a poly-extremophilic archaeon, strain JW/NM-HA 15 T , growing optimally at 3.3 M Na + , pH 55 C of 9.0, and 52 C, was isolated and characterized on the basis of standard taxonomic methods, including the minimal standards for the description of new taxa of the order Natrialbales [7] [8] [9] [10] . This poly-extremophile could be an excellent model organism for understanding the unique combinations of adaptation mechanisms of the boundaries for life under multiple extreme environmental conditions. Mixed water and sediment samples were collected from lakes Abu Dawood, Baida and Fazda of the Wadi An Natrun (Egypt). The pH values and salinity of the water at the time of collection are described in Mesbah et al. [5] . The carbonate-buffered medium used for enrichment and initial cultivation contained (l 1.0 g KCl, 0.3 g KH 2 PO 4 , 6.8 g Na 2 CO 3 , 3.8 g NaHCO 3 , 4.0 g yeast extract (Difco), 0.5 g bactopeptone (Difco), 0.5 g casamino acids (Difco), 2.0 g glucose and 1.0 g sodium pyruvate.
The pH 55 C was adjusted to 9.0 with 5 M HCl after autoclaving at 121 C for 45 min [11] . Culture vessels were 150 ml serum bottles containing 50 ml medium for aerobic conditions, which were tightly sealed with black butyl rubber stoppers to prevent evaporation of the medium. Enrichment cultures became turbid after 5 days of incubation at 55 C in a shaking incubator. Pure cultures were obtained by repeated pour-plating on carbonate-buffered medium and 2.0 % (w/v) agar. Purity of the cultures was confirmed by 16S rRNA gene sequencing. The isolate was separately grown in carbonate-buffered liquid medium at pH 55 C 9.5 and 55
C under air as head gas and subcultured for maintenance after 3 to 4 weeks of storage at room temperature. For long-term preservation, cells in the late-exponential growth phase were harvested, resuspended in fresh carbonate-buffered medium containing glycerol (20 % v/v) and stored at À80
C. The type strains of Natronolimnobius baerhuensis, CGMCC 1.3597
T , and Natronolimnobius innermongolicus, CGMCC 1.2124 T , were used as reference strains and were obtained from the China General Microbiological Culture Collection Centre.
For 16S rRNA gene sequence and genome sequence analysis, genomic DNA was extracted using a microbial DNA isolation kit according to the manufacturer's instructions (New Industry). DNA was examined for integrity by agarose gel electrophoresis and the concentrations were quantified with a Nanodrop 1000 spectrophotometer (Thermo Scientific). Using a method described previously for archaea [7] , the full-length 16S rRNA gene sequence (1474 high-quality nucleotides) of strain JW/NM-HA 15
T was obtained by PCR with the following forward and reverse primers: 5¢-ATT CCG GTT GAT CCT GCC GG-3¢ (positions 6-25 in Escherichia coli numbering) and 5¢-AGG AGG TGA TCC AGC CGC AG-3¢ (positions 1540-1521). Amplification products were cloned into the pGEM-T Easy vector (Promega) and transformed into E. coli DH5a. Twelve selected clones were sequenced using an ABI 310 DNA sequencer. The representative 16S rRNA gene sequence was compared with available sequences and/or those of close relatives from the GenBank database (http://blast.ncbi.nlm.nih.gov/Blast. cgi) using the BLASTN program [12] , from the Ribosomal Database Project (RDP) (http://rdp.cme.msu.edu/index.jsp) with SEQMATCH searches [13] , and from the EzBioCloud (http://www.ezbiocloud.net) with the global alignment algorithm [14, 15] . 16S rRNA gene sequence analysis revealed that strain JW/NM-HA 15 T belongs to the order Natrialbales and is within the family Natrialbaceae [8] . This isolate exhibited 95.4 and 94.7 % 16S rRNA gene sequence similarity with the haloalkaliphilic archaea Natronolimnobius innermongolicus N-1311 T [16] and Natronolimnobius baerhuensis IHC-005 T [16] , respectively. Less than 94.6 % 16S rRNA gene sequence similarity was observed with members of other genera of the family Natrialbaceae. The 16S rRNA gene sequence similarity values between strain JW/NM-HA
15
T and its nearest neighbours (i.e. strains IHC-005 T and N-1311 T ) ( Fig. 1) were clearly lower than the 98.65 % threshold for differentiating two bacterial species as recommended by Stackebrandt and Ebers [17] and recently reinforced by Kim et al. [18] , but slightly greater than the 94.5 % cut-off used to distinguish genera [19] . Thus, the precise taxonomic classification required multiple lines of evidence, including the genome data (see below).
To delineate the phylogenetic position of strain JW/NM-HA 15
T within the family Natrialbaceae, 16S rRNA gene sequences were aligned using pairwise comparisons with the CLUSTAL X program (version 2.0) and gaps were deleted [20] . Bootstrap consensus trees were inferred from 1000 replicates with the neighbour-joining [21] , minimum-evolution [22] and maximum-likelihood [23] algorithms in MEGA version 7 [24] . Evolutionary distances were calculated according to the algorithms of the Jukes-Cantor model [25] . The trees generated using the above three methods were in good agreement with each other (Figs 1 and S1, available in the online version of this article). The phylogeny of 16S rRNA gene sequences showed that strain JW/NM-HA 15
T formed a distinct lineage within a cluster containing Natronolimnobius baerhuensis IHC-005
T and Natronolimnobius innermongolicus N-1311 T , and was clearly separate from other members of the genera Halopiger, Natronorubrum, Natrinema and Haloterrigena. Additionally, The full-length RNA polymerase subunit B¢ gene (rpoB¢) of strain JW/NM-HA 15
T (see below) shared 82.1-90.3 % sequence similarity with other members in the family Natrialbaceae. The phylogenetic trees reconstructed based on the rpoB¢ gene sequence through neighbour-joining, minimum-evolution and maximum-likelihood methods clearly revealed that strain JW/ NM-HA 15
T constituted a single cluster with Natronolimnobius innermongolicus N-1311 T (Figs 2 and S2), and was separated from Natronolimnobius baerhuensis IHC-005 T and other members in the family Natrialbaceae.
The complete genome sequence of strain JW/NM-HA 15 T was sequenced using a Pacific Biosciences RS II sequencer after the construction of a genomic library with a mean size of 10 kb using g-Tubes (http://covaris.com/products/gtube). The whole genome sequence was successfully assembled to closure to yield a single contig using the Hierarchical Genome Assembly Process version 2 (PacBio). The draft genome assembly sequence of strain Natronolimnobius baerhuensis CGMCC 1.3597
T was obtained using the Illumina Hiseq 4000 sequencing platform with paired-end read length of 2Â150 bp, and de novo assembled using MicrobeTracker plus version 0.9.1 (incorporates Velvet version 1.2.09) (www.microbetrakr.com). Quake and BWA were used in pre-and post-assembly sequence correction [26, 27] . Genome annotation was processed using the NCBI Prokaryotic Genomes Automatic Annotation Pipeline (www.ncbi. nlm.nih.gov/genome/annotation_prok), which was checked by the GenBank curation team, and also using the Rapid Annotation using Subsystem Technology (RAST) server (http://rast.nmpdr.org). DNA G+C content was obtained T had a genomic G+C content of 64.1 mol%, which is almost equivalent to that of the type species Natronolimnobius innermongolicus N-1311 T but higher than that of strain Natronolimnobius baerhuensis CGMCC 1.3597 T (Table 1 ).
For analysis of genome relatedness, the average nucleotide identities (ANI) values using BLAST Web Server (http://jspecies.ribohost.com/jspeciesws) [28] . The orthologous gene percentages (OrthoANI) were also evaluated from the EzBioCloud as described by Lee et al. [29] . In addition, genome-to-genome distance analysis as a digital DNA-DNA hybridization (dDDH) was performed with the genome-to-genome distance calculator (GGDC) website (http://ggdc.dsmz.de/distcalc2.php) using the method described by Meier-Kolthoff et al. [30] . ANI values in Table 2 values of dDDH inferred by using the GGDC were from 18.1 to 20.0 %, far below the threshold value of 70 % DDH similarity cut-off. These independent analyses strongly supported that strain JW/NM-HA 15
T represented a distinct species, and this strain was different from all closely related species described previously. To determine the degree of similarity at the orthologous protein level between genomes as average amino acid sequences change more slowly than nucleotide sequences, two-way average amino acid identity (AAI), which is more sensitive over greater evolutionary distance, based on reciprocal best hits was calculated using amino acid FASTA files from RAST via the AAI calculator (http://enve-omics.ce.gatech.edu/aai). The approximately 70-71% values of AAI obtained were significantly lower than the 85 % species-level cutoff value, but would comply with the 60-80% genus-level similarity [33, 34] , which suggested that strain JW/NM-HA 15
T should be placed in the genus Natronolimnobius.
Unless specified otherwise, the aforementioned medium for growth of strain JW/NM-HA 15 T was used for the morphological, physiological and biochemical analyses. Growth was tested at total Na + concentration of 2.23 to saturating at increments of 2 % (w/v) NaCl, as well as at 5-60 C at intervals of 5 C and at 51, 52, 53, 54, 56 and 58 C, using a shaking temperature-gradient incubator (Scientific Industries). The pH range for growth at 52 C and 3.59 M Na + was determined in the aforementioned carbonate-buffered (9.0-10.8) medium or at a concentration of 50 mM supplemented with HEPES (7.0-8.0) or TAPS (8.0-9.0), giving a range of pH 7.0-11.0 with intervals of 0.5 pH units. All pH values were measured with a microelectrode (Accumet combination microelectrode with calomel reference; ColeParmer) calibrated at the optimum growth temperature with pH standards preheated to the same temperature as described previously [35] . All the above tests were investigated in triplicate in the isolation medium above by the measurement of maximum OD 600 using a portable spectrophotometer (HACH DR 2800). Salinity tolerance for growth of strain JW/NM-HA 15
T was in the range of 2.57 M to saturating Na + [equivalent to 15.0 % (w/v) to saturating NaCl] with a relatively broad optimum of 3. C at pH 55 C 9.0 and 3.59 M Na + , but no growth was observed at 29 C or at !58 C during incubations for 10 days. This is the first report to our knowledge that a halo-alkaliphilic archaeon is capable of growing at temperatures higher than 50 C under optimal conditions [36] . Therefore, strain JW/NM- HA 15 T can thrive at a significantly higher salinity, slightly higher pH and elevated temperature than other halophilic, alkaliphilic thermophilic archaea [3, 4] . The shortest measured doubling time under optimal conditions (i.e. 3.59 M Na + , pH 55 C 9.5 and 52 C) was 4.2 h. The need for Na + was tested in liquid medium where NaCl, Na 2 CO 3 and NaHCO 3 were replaced with equimolar concentrations of KCl, K 2 CO 3 and KHCO 3 . Strain JW/NM-HA 15
T was obligately dependent on Na + as no growth occurred in the absence of Na + . Cells of strain JW/NM-HA 15
T lysed in distilled water or media containing less than 0.5 M Na + . Additionally, complex media components were required; while equivalent components could be substituted (e.g. additional bactopeptone in place of yeast extract), doing so resulted in increased doubling times and decreased culture density. The strain JW/NM-HA 15
T was obligately aerobic and failed to grow after incubation for 7 days in anaerobic media containing arginine (20 mM), sodium thiosulfate (20 mM), sodium nitrate (20 mM), sodium nitrite (5 mM), MnO 2 (10 mM) or fumarate (20 mM) as a potential electron acceptor.
Cell morphology was observed via light microscopy (Olympus VANOX phase-contrast microscope). Growth-phase cell suspensions were prepared in the previously described growth medium and incubated at optimum growth temperature. Colonies were 1.0-1.5 mm in diameter, ovoid, and yellow-white in colour as observed on agar pour plates after 2-3 days of incubation. Colonies turned pink upon extended stationary phase exposure to light. Exponentially growing cells in liquid culture were straight rods 0.5-0.8 µm in diameter and 1.0-2.0 µm in length (Fig. S3 ). Cells were found singly and in chains, particularly upon entry to stationary phase. That they were Gram-stain-negative was confirmed by using the standard Gram reaction [37] , and no active motility was found using phase-contrast microscopy. Cells were not viable after heat treatment (5 min at 100 C, 15 min at 85 C) and they did not remain viable after 24 h desiccation when incubated in a desiccator above CaCl 2 , with a relative humidity of 0.
For substrate-utilization tests, 4 ml broths containing various organic substrates (4.0 g l À1 ) were cultured in Hungate tubes for up to 7 days at 52 C using the previously described medium supplemented with 1 g l À1 yeast extract (Difco), 0.5 g l À1 bactopeptone (Difco) and 0.5 g l À1 casamino acids (Difco), and growth was recorded after the third successive transfer. Tests for hydrolysis of casein, gelatin, starch, L-tyrosine and Tween 80, and production of indole and H 2 S were carried out as described by Mata et al. [38] . Nitrate and nitrite reduction were carried out as described by L anyí [39] . Catalase activity was tested by bubble production in a 3 % hydrogen peroxide solution, and oxidase activity was determined by oxidation of 1.0 % p-aminodimethylaniline oxalate. Presence of lysine and ornithine decarboxylases was determined by the observation of a colour change of bromocresol purple from yellow to violet after 36 h of incubation [40] . Some enzyme activities and biochemical characteristics were determined in the presence of 3.60 M total Na + concentration at pH 9.0 using the API ZYM and API ZYM 20E systems (bioM erieux). Antibiotic sensitivity was examined in 4 ml anaerobic tubes with incubation for 5 days. Strain JW/NM-HA 15 T exhibited a moderately broad substrate-utilization spectrum (see species description and Table 1 ), and yielded positive results for alkaline phosphatase, esterase (C4), esterase lipase (C8), lipase (C14), naphthol-AS-BI-phosphohydrolase, b-glucuronidase and arginine dihydrolase, and negative results for leucine arylamidase, valine arylamidase, cystine arylamidase, trypsin, a-chymotrypsin, acid phosphatase, a-and b-galactosidase, a-and b-glucosidase, N-acetyl-b-glucosaminidase, a-mannosidase, a-fucosidase, lysine and ornithine decarboxylases, tryptophan deaminase, and H 2 S and indole production. Other detailed results concerning morphological features, nutritional and physiological characteristics, and biochemical tests are shown in the species description. Several differential phenotypic features were compared between strain JW/NM-HA 15
T and the closely related species of Natronolimnobius (Table 1) , including colony colour, motility, physiological features, utilization of sugar, hydrolysis of gelatin, starch and Tween 80, H 2 S and indole production, and nitrate reduction.
In order to complete the chemotaxonomic characterization of strain JW/NM-HA 15
T , polar lipid analysis by twodimensional TLC was carried out by the Identification Service, Leibniz-Institut DSMZ (Deutsche Sammlung von Microorganismen und Zellkulturen), Braunschweig, Germany. The detailed methods used for analysis either followed the online protocol (https://www.dsmz.de/services/ services-microorganisms/identification.html) or were as previously described [41] [42] [43] [44] . Phosphatidylglycerol (PG), methylated phosphatidylglycerolphosphate (Me-PGP) and phospholipids were the major polar lipids in strain JW/NM-HA 15 T (Fig. S4) . However, PG and Me-PGP were absent from both Natronolimnobius baerhuensis IHC-005 T and Natronolimnobius innermongolicus N-1311 T [16] . Furthermore, C20 : C20 and C20 : C25 diether lipids, reported to be present in Natronolimnobius baerhuensis IHC-005 T and N. innermongolicus N-1311 T , were not found in strain JW/ NM-HA 15 T . Additionally, no glycolipids were detected in strain JW/NM-HA 15 T , which is consistent with their absence in the genus Natronolimnobius. Biomass was subjected to lipid extraction as previously described [45, 46] . Archaeal lipids including diethers and tetraethers were separated on a Prevail Cyano column heated to 30 C in an Agilent 1200 HPLC system. Mass spectrometric identification and quantification were carried out using an ion trap mass spectrometer coupled to the HPLC by an atmospheric pressure chemical ionization interface [47] . Archaeol, as the main core lipid, was determined to be 99.98 % of total lipids, and glycerol dialkyl glycerol tetraethers with zero cyclopentane rings (GDGT-0) were determined to be 0.02 % of total lipids in strain JW/NM-HA 15
T .
On the basis of phylogenetic features, morphological, physiological and chemotaxonomic properties, together with genomic relatedness, we propose that strain JW/NM-HA 15 T represents the type strain of a novel species, which we name Natronolimnobius aegyptiacus.
DESCRIPTION OF NATRONOLIMNOBIUS AEGYPTIACUS SP. NOV.
Natronolimnobius aegyptiacus (ae.gyp.ti¢a.cus. L. masc. adj. aegyptiacus, pertaining to Egypt, Egyptian).
Cells are Gram-stain-negative, obligately aerobic, nonmotile and rod-shaped (0.5-0.8Â1.0-2.0 µm). Colonies observed on agar plates after 2-3 days of incubation at optimal conditions are approximately 1.0-1.5 mm in diameter, ovoid, and yellow-white in colour, and, when exposed to light, turn pink at stationary phase. Grows at total Na Positive for hydrolysis of starch, catalase and oxidase activity, arginine dihydrolase, and nitrate reduction, but negative for hydrolysis of casein, L-tyrosine, gelatin and Tween 80, urease activity, lysine decarboxylases, ornithine decarboxylases, indole and H 2 S production, and nitrite reduction. The predominant polar lipids are phosphatidylglycerol, methylated phosphatidylglycerolphosphate and phospholipids. Archaeol is determined to be 99.98 % of total lipids in strain JW/NM-HA 15 T .
The type strain, JW/NM-HA 15 T (=ATCC BAA-2088 T =DSM 23470 T ), was isolated from sediment of Lake Fazda, Wadi An Natrun (Egypt). The genomic DNA G+C content of the type strain is 64.1 mol%.
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